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ABSTRACT

We examine the ability of our recently introduced minimalist protein model to reproduce ex-
perimentally measured thermodynamic and kinetic changes upon sequence mutation in the
well-studied immunoglobulin-binding protein L. We have examined five different sequence
mutations of protein L that are meant to mimic the same mutation type studied experimen-
tally: two different mutations which disrupt the natural preference in the B-hairpin #1 and
B-hairpin #2 turn regions, two different helix mutants where a surface polar residue in the
a-helix has been mutated to a hydrophobic residue, and a final mutant to further probe the
role of nonnative hydrophobic interactions in the folding process. These simulated mutations
are analyzed in terms of various kinetic and thermodynamic changes with respect to wild
type, but in addition we evaluate the structure-activity relationship of our model protein
based on the ¢-value calculated from both the kinetic and thermodynamic perspectives. We
find that the simulated thermodynamic ¢-values reproduce the experimental trends in the
mutations studied and allow us to circumvent the difficult interpretation of the complicated
kinetics of our model. Furthermore, the level of resolution of the model allows us to directly
predict what experiments seek in regard to protein engineering studies of protein folding—
namely the residues or portions of the polypeptide chain that contribute to the crucial step
in the folding of the wild-type protein.
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INTRODUCTION

HILE THE EXPERIMENTAL EFFORT IN STRUCTURAL GENOMICS is partly focused on providing new fold
Wclassiﬁcations, computation and theory should play a complementary role of contributing structural,
kinetic, and thermodynamic information across whole genomes. However, in order to pursue a computa-
tionally feasible protein model of genomic-scale scope that has predictive value a series of validation steps
are required. We have now completed multiple studies at a simplified level of description of protein fold-
ing addressing issues of protein sequence design (Sorenson and Head-Gordon, 1999), the role of solvation
and interaction complexity in protein folding models (Sorenson and Head-Gordon, 1998), the ability to
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design and validate the folding of complex topologies (Sorenson and Head-Gordon, 2000a), as well as
longer protein chains (Sorenson and Head-Gordon, 2002). We believe that they, in combination, indicate
the utility of this level of modeling as a productive step forward given current computational limits on the
feasibility of genomic-scale modeling.

In this next step of validation, we examine the ability of our minimalist model to reproduce experimen-
tally measured thermodynamic and kinetic changes upon sequence mutation in the well-studied IgG-binding
protein L (Gu et al., 1997; Kim et al., 1998; Kim et al., 2000; Gu et al., 1999). This is a particularly
important validation step as we propose to predict the consequence of sequence mutations, as either benign
to folding rates and stability, or as involving residues that are critical for native state formation, that begins
to cover the diversity in sequence space that is part of the challenge of genomic-scale structural biology
and proteomics. We have examined five different sequence mutations that are meant to mimic the same
mutation type studied experimentally: two different Gly — Ala mutations of protein L studied by Gu et al.
(1997, 2000) which disrupt the natural preference in the S-hairpin #1 and B-hairpin #2 turn regions for
conformations not sterically accessible to nonglycine residues, and two different helix mutants that mimic
the Glu — Ile (E32I) helix mutant examined by Kim et al. (1998, 2000) and Gu et al. (1999), where a
surface polar residue in the a-helix has been mutated to a hydrophobic residue. We also examined a fifth
mutant constructed by changing a neutral bead to a hydrophobic one in the first B-hairpin turn to further
probe the role of nonnative hydrophobic interactions in the folding process, another possible consequence
of the experimental Gly — Ala mutation in the turn region as described by Gu et al. (1997) and Kim
et al. (2000).

These simulated mutations are analyzed in terms of various kinetic and thermodynamic changes with
respect to wild type, but in addition we evaluate the structure—activity relationship of our model protein
based on the ¢-value (Matouschek et al., 1984).
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Protein folding experiments measure the mutant and wild-type folding rates, k,,; and k,;, as well as
AAGY, the change in native-state stability after the mutation is made, to obtain indirect knowledge of the
role of that residue in forming the transition-state.

We have considered two different ways to evaluate ¢-values in order to match and validate our model
against experimental mutations on protein L. For the five mutations examined here, we evaluated ¢-values
based on the kinetic definition, but our results indicate that the kinetic analysis based on Equation (1)
is inappropriate because our model landscape is overly frustrated (Nymeyer et al., 2000). Therefore, in
addition, we evaluated ¢-values from the thermodynamic perspective:

AAGH )
 AAGY @
where AAG¥ is the change in the free energy of the transition-state ensemble with the mutation present. The
evaluation of Equation (2) combines the use of the multiple histogram method (Ferrenberg and Swendson,
1989; Kumar et al., 1995) to estimate free energies, Pq analysis (Du et al., 1998) to obtain representative
structures comprising the transition-state ensemble, and defining appropriate reference states for evaluating
a meaningful AAG* and AAG?, and is discussed more thoroughly in the methods section. The ability
to directly probe the structure of the transition state allows us to bypass the hazardous interpretation of
complicated kinetic analysis and to successfully predict ¢-value trends for the five mutations from the
thermodynamics. Furthermore, the level of resolution of the model allows us to directly predict what
experiments seek in regard to protein engineering studies of protein folding—namely the residues or
portions of the polypeptide chain that contribute to the bottleneck in the folding of the wild-type protein.
We therefore conclude that minimalist models such as these provide a good level of resolution for answering
broader questions concerning fold topology constraints on the transition state ensemble (Alm and Baker,
1999; Martinez and Serrano, 1999) and further validate the promise of using our minimalist model and
design tools to tackle protein engineering objectives and proteomics endeavors that will play a significant
role in the genomic-scale biology of the future.
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TABLE 1. BEAD AND DIHEDRAL SEQUENCES FOR THE WILD-TYPE MODEL?

Sequence LBLBLBLBBN . NNLBBLBBBB . BNNNLLBLLB . BLLBNBLBLB
2° Structure EEEEEETEH . THEEEEEEEE . HHEHHHHHHH . HHHEHTEEEE
Sequence LBBNNNBBBL . BLBLBL

2° Structure EEETTTEEEE . EEEE

4B (hydrophobic), L (hydrophilic), N (neutral), E (extended), H (helix), T (turn). The residues and
2 structure highlighted in gray denote sequence changes relative to the WT sequence reported in
Sorenson (2000a).

RESULTS

A combination of positive and negative design techniques (Sorenson and Head-Gordon, 1999) were
used to converge on an appropriate wild-type Protein L sequence for study. The “wild-type” sequence
used in this work was a variant of the previously published sequence for a protein L model (Sorenson
and Head-Gordon, 2000a). This new sequence, displayed in Table 1, differs from the old sequence in
one bead flavor and three dihedral point mutations (highlighted in yellow) that were selected to further
optimize the folding thermodynamics and kinetics. Our initial attempts to mutate the previously published
sequence in order to compare it with experiment found that our simulated mutation data could not be
easily explained, with mutations intended to destabilize the protein actually stabilizing it and vice versa.
The sequence used here has been much more optimized and mutations away from it appear to introduce
detrimental effects in every mutation examined, similar to what is observed in real protein mutagenesis
experiments. In particular, a turn dihedral was added in the first beta strand in the newer sequence, because
it shifts the native state to a lower energy native that was competing with the native state in the original
sequence, and the additional mutations reduced the energy barriers and frustration of the landscape and
increased the foldability of the model.

Table 2 summarizes the five mutant sequences studied here and intended for comparison with the large
amount of experimental data on the effects of sequence mutations on the folding of protein L (Gu et al.,
1997, 1999; Kim et al., 1998, 2000). Mutants 1 and B2 are similar to the Gly — Ala mutations in the
B-hairpin #1 and B-hairpin #2, respectively, studied experimentally by Gu et al. (1997) and Kim et al.
(2000). Mutants « and o* are similar to the Glu — Ile (E32I) helix mutant examined experimentally by
Kim et al. (1998, 2000) and Gu et al. (1999), where a surface polar residue in the «-helix has been mutated
to a hydrophobic residue. The predictions of the many different secondary structure predictions programs
do not expect this mutation to significantly disrupt the formation of the helix (Kneller et al., 1990; Rost,
1996), so the main effect of this mutation would be to possibly destabilize the native state and slow down
the folding by favoring alternative hydrophobic cores. The last mutant is an additional mutation of mutant
B1, denoted B1*, by changing a neutral bead to a hydrophobic one in the first B-hairpin turn to further
probe the role of nonnative hydrophobic interactions in the folding process, another possible consequence
of the experimental Gly — Ala mutation in the turn region.

TABLE 2. DESCRIPTION OF MUTANT SEQUENCES?

Name Mutation Description Experiment
Bl t10h Disruptive to first B-hairpin turn region GI5A
p1* t10h, N12B Disruptive to first B-hairpin turn region GI5V
B2 t45h Disruptive to second g-hairpin turn region G55A
o L29B Surface hydrophobic substitution in «-helix E321
a* L26B Surface hydrophobic substitution in «-helix E321

4The corresponding experimental mutations explored by Baker and coworkers are listed in the last column.
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Thermodynamics

The folding thermodynamics for the wild-type and all five mutant sequences was examined using
Langevin dynamics simulation and the multiple multidimensional histogram method, as described in Meth-
ods. A summary of some thermodynamic signatures for each of the six sequences is given in Table 3.
The folding of the wild-type sequence is very similar to the previously characterized protein L/G sequence
in Sorenson and Head-Gordon (2000a). Because this new sequence was designed to be better than the
previous sequence, the folding transition is slightly more cooperative and the onset of glasslike kinetics is
delayed to lower temperature.

We have previously shown that the folding for this model is cooperative with a relatively sharp folding
transition and a close coincidence of collapse and folding temperatures (Sorenson and Head-Gordon,
2000a). The folding exhibits multiple pathways with at least two clear ways for folding to proceed: a favored
pathway involving formation of the N-terminal B-hairpin first, followed by formation of the C-terminal
B-hairpin; and a second pathway, higher in energy, involving formation of secondary structure in the
opposite order. The first pathway shows some evidence for a metastable intermediate along the pathway,
while the second pathway has no such third state (see Fig. 4a below and corresponding discussion by
Sorenson and Head-Gordon (2000a)).

The stability of the mutants relative to the wild-type sequence can be probed by examining the relative
population of the native state versus temperature, P, (T).

Y. QE ) EIT
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The resulting curves, shown in Fig. 1, resemble protein denaturation curves and can be interpreted similarly.
It is readily apparent that the wild-type sequence is more stable than the mutant sequences, with the highest
folding temperature (Ppq (T) = 0.5) of Ty = 0.45 (see also Table 3). Evidence for a less cooperative
folding transition is clearly seen in the profile of mutants ¢ and «* and to a lesser extent for mutants
B2 and B1*. These results are to be expected with the notion that the effect of the mutations examined
here is to generally destabilize the native state by stabilizing nonnative structures, leading to lower folding
temperatures and less cooperative folding. The details of how this destabilization is effected by each
sequence can in turn be examined in their folding thermodynamics and the shape of their underlying free-
energy landscape, and, in the following, we discuss this remaining thermodynamic data on a case-by-case
basis for the five mutant sequences.

Mutants B1 and B1*. Both mutants destabilize the formation of the first B-hairpin turn relative to the
wild type by the mutation of the middle turn dihedral to a helix dihedral (Table 2). In the native-state
structure, this dihedral has a value of ¥ = 320°, putting it close to a minimum in the turn potential, but
in a local minimum for the helix potential (see Fig. 2). The native-state structure for these mutants is the

TaBLE 3. THERMODYNAMIC PARAMETERS FOR THE
WILDTYPE AND MUTANT SEQUENCES?

Sequence Ty gap/Ty Z
wt 0.45 20.3 1.48
Bl 0.44 242 1.73
B1* 0.41 16.0 1.27
B2 0.37 14.6 1.44
o 0.43 15.7 1.40
a* 0.42 15.2 1.29

an is the folding temperature and Ty is the collapse temperature. The
energy gap is defined as (Enonnar)—{Enar) at the folding temperature.
Z is the energy gap divided by the spread in energy of nonnative states
(AEnonnat)-
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FIG. 1. Relative population of the native state versus temperature for the wildtype and mutant sequences. Legend:
(from right to left) wt, 81, o™, o, 1%, B2.
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FIG. 2. Comparison of dihedral potentials. The helical potential has been shifted by a constant to have its global
minimum at V = 0. Legend: extended (solid), helical (dashed), coil (dot-dashed).
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same structure, with this dihedral now in a local minimum. This is similar to the effect of the experimental
Gly — Ala mutation in the same region in protein L (Gu et al., 1997; Kim et al., 2000) that forces the
turn residue to favor nonnative regions of the space of backbone dihedrals. Mutant 81* further mutates
the mutant 81 sequence in the first turn region from an N residue to a B residue, to simulate the possible
effect of nonnative hydrophobic contacts on the folding for this type of mutation.

A clear difference between the folding of these mutants and the wild-type sequence can be seen in Fig. 3,
which shows the fluctuations of the radius of gyration, AzRg(T) = (Rgz(T)) — (Rg(T))z, as a function
of temperature. The plot measures the collapse transitions of the chain versus temperature, with peaks
representing temperatures where the chain fluctuates highly between less collapsed and more collapsed
structures. The collapse profile for mutants 81 and 81* shows a phase near T ~ 0.47 not observed in the
other sequences. Examination of the potentials of mean force for the secondary structure order parameters
versus Ry (Sorenson and Head-Gordon, 2000c) shows that the large fluctuations are due to fluctuations
about states where either S-hairpin #1 or B-hairpin #2 is formed with a partially formed helix. Unraveling
of the formed B-hairpin #1 or the formation of the second hairpin leads to large changes in R,. This
particular phase does not appear in the wild-type sequence, presumably because the chain spends less time
in a nonnative state for B-hairpin #1.

The detrimental consequences of nonnative structure formation for B-hairpin #1 is made more evident
by looking at the free-energy landscape as a function of xgi and xg2, the order parameters measuring
formation of B-hairpins #1 and #2, respectively (Fig. 4). The asymmetry in the free-energy landscape,
noted previously for a variation of the wild-type sequence (Sorenson and Head-Gordon, 2000a), is slightly
changed for mutant B1. While paths involving formation of either hairpin are still favored in the wild-
type sequence, the mutant sequence shows evidence that it is now harder to follow the less dominant
pathway, involving formation of B-hairpin #2 first followed by B-hairpin #1. While the two landscapes are
mostly similar, the differences surrounding this second pathway are entirely reproducible with mutant S1*
(Sorenson and Head-Gordon, 2000c¢).

This result would appear at first to be counterintuitive, as the expected result of destabilizing the formation
of the first B-hairpin would be to remove or destabilize the dominant pathway. That the local sequence
mutation in the first 8 turn affects formation of the second B-hairpin, which is located 25 beads away in
the sequence, indicates that the nonnative structures now being formed by the first S-hairpin act in such a
way as to disfavor folding by the second pathway. This is presumably due to a topological restriction now
introduced on the chain. When B-hairpin #2 forms with 8-hairpin #1 in a nonnative structure, it looks to be
sterically difficult for S-hairpin #1 to find the native state. The observation that a sequence mutation that is
intended to have a local effect on structure can have very nonlocal consequences points to the difficulties
in analyzing the effect of sequence mutations which are often conceptualized as acting locally.

Mutant 81* exhibits an overall very similar folding pathway and free energy landscape as mutant S1.
From Fig. 2, we can see that the effect of the extra B bead is to further destabilize mutant 81, although
the cooperativity of folding is not nearly as affected as in the other hydrophobic mutation examined here,
mutant «. As could be expected, the destabilizing effect of an L, N — B mutation is environment-
dependent. The introduction of a B bead at the turn region in the sequence is not too detrimental because
the remaining N beads surrounding this residue discourage nonnative B—B contacts. This effect will be
discussed below for mutants 81 and B1*.

Mutant 82. The sequence for mutant B2 incorporates the destabilizing mutation of a turn dihedral to a
helix dihedral in the second B-turn. The resulting folding thermodynamics show the most destabilization
of all of the sequences studied here (Table 3). The reason for the large native-state destabilization and
consequently poor folding profile can be traced to another possible and likely common effect of sequence
mutations. Simulated annealing of the sequence for mutant 82 revealed that the new native-state structure
in the second B-hairpin is slightly shifted with a new register of the f-strands in the hairpin being
favored. The wild-type native-state structure is only slightly higher in energy however and now serves as a
misfolded trap on the free-energy landscape, with a proven strong basin of attraction. Unlike the mutation
in the first turn region, the collapse profile is very similar for this mutant compared to the wild type
(Fig. 3). The combination of a lowered folding temperature without a concomitant change in the collapse
temperature would also lead us to expect a less cooperative folding transition and slower kinetics (Klimov
and Thirumalai, 1996, 1998).
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FIG. 3. Mean-square fluctuations in radius of gyration versus temperature for the wildtype and mutant sequences.
Legend: wildtype (solid), 81 (dot-dashed), 81* (solid, triangles), 82 (dashed), o (dashed, squares), a* (solid, circles).

Mutants o and o*. The sequences for mutants & and o* were constructed to reproduce the destabilizing
aspects of the E321 mutation experimentally studied in protein L (Kim et al., 1998; Gu et al., 1999).
The experimental mutation involved changing a hydrophilic residue on the surface side of the amphiphilic
a-helix to a hydrophobic residue. As stated previously, a number of secondary structure prediction servers
show that this mutation should not disrupt the helix (Kneller et al., 1990; Rost, 1996); however, a possible
outcome of the mutation would be to slow down folding by confusing the search for the native hydro-
phobic core.

The combined thermodynamic evidence shows that this is precisely what happens for mutants « and o*
in our model. Figure 3 indicates that radius of gyration fluctuations are suppressed at higher temperatures
relative to all of the other sequences. This shows that the chain is condensing to a more collapsed state
at a higher temperature, and the ultimate collapse temperature is pushed higher. At the same time, the
folding temperature is not raised (Fig. 2), so the kinetics and cooperativity are again expected to be poor
(Klimov and Thirumalai, 1996, 1998). The increased number of alternative hydrophobic cores also leads
to the noncooperativity exhibited in the shallower slope of the folding transition in Ppq; (T).

The best evidence that the helix mutation hampers the search for the native state can be seen in a plot of
helix formation versus temperature for mutant o (Fig. 5). At higher temperatures, the other five sequences
have very similar profiles for the formation of the helix as the temperature is decreased—as would be
expected since they share identical sequences in the helix region. Mutant «, on the other hand, shows a
pronounced delay in formation of the native helix as the temperature is lowered. The extra contacts now
made by the helix inhibit the formation of native helical structure, and the loss of a clear amphiphilic helix
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interferes with the proper alignment of secondary structure necessary for stabilizing the native helix. On
this basis, we might expect mutant o™ to fare better; this is supported in the kinetic analysis below.

Kinetics

The kinetics of the folding process was tabulated for all six sequences at T = 0.45. This choice of
temperature represents the folding temperature for the wild-type sequence and a temperature where all six
sequences are expected to fold with exponential kinetics. This last condition aids in relating the observed
folding kinetics to rate constants. The in vitro experiment corresponding to this study would be to compare
the folding rate constants of various mutations, holding the temperature constant or maintaining the same
denaturant concentration (Gu et al., 1997; Khorasanizadeh, 1996).

The distribution of first-passage times for the B-turn mutants 81, B1*, and B2 are shown in Fig. 6
in comparison to the wild type. Similarly to previous work with the protein L/G model (Sorenson and
Head-Gordon, 2000a), the folding at this temperature can be well characterized with two exponentials,
representing folding pathways falling into two general classifications: a fast pathway and a slow pathway.
The data for bi-exponential fits to the kinetic data are shown in Table 4. The quality of fit was measured
by the x? value:

1
=D i =)’ )

where {y;} are the fit points and { yi0 } are the data points. Single and stretched exponential fits were also
tried, but were much poorer than the bi-exponential fits for all six sequences.

As would be expected from the above analysis, mutant 2 does fold slower than the wild-type sequence
along the fast pathway, although the slow pathway has very similar kinetics at long times. This suggests
the possibilty that mutations can nonuniformly affect the folding pathways, depending on which one is
examined. Mutant 81, in contrast, has extremely similar fast pathway kinetics, but experiences a slow-down
along the slow pathway. As expected, mutant 81* does not show very different kinetics from mutant 81,
although folding along the fast pathway is a bit slower, presumably due to nonnative B—B contacts.

The folding kinetics of mutants « and o™ are shown in Fig. 7. The significant misfolding experienced
by mutant o suggested by xy (7T') is very evident in this data as well. While the fast pathway looks to have
a similar rate constant to the wild type, fewer chains are partitioned into this pathway, as evidenced by a
lower value of a (the preexponential factor, see Table 4). The slower pathway, involving folding through
misfolded intermediates, dominates the folding and has the slowest rate constant of the mutants examined
here. Mutant a* proves to be kinetically more robust, suggesting the importance of sequence context in
determining the effects of surface hydrophobic substitutions.

Kinetic ¢-values

The analysis of the change in protein kinetics and stability induced by site-directed mutations has been
facilitated by the introduction of the ¢-value (Equation (1) and in Matouschek et al. [1989]). Knowledge of
the ¢-value for a given mutation is intended to provide insight into the role of that residue in forming the
transition state. If the residue participates in the structure of the transition-state ensemble, then we would
expect a ¢-value near 1. If instead the residue plays a relatively small role in stabilizing the transition
state, then the ¢-value should be closer to 0.

The calculation of ¢-values provides a valuable method for comparison of experimental results with
theoretical modeling of the same systems (Nymeyer et al., 2000; Portman et al., 1998). In practice,
theoretical studies can attempt to use Equation (1), or alternatively they can calculate a similar value from
the thermodynamic perspective using Equation (2). Recent work shows that the ¢-values calculated from
the thermodynamic approach are similar to the kinetic definition in Equation (1) only in the case that the
energy landscape is not overly frustrated (Nymeyer et al., 2000). The disadvantage of this approach lies
in the additional complexity of properly identifying the transition-state ensemble, a nontrivial task as we
move to more realistic protein models.

The interpretation of ¢-values from experiment rests on several conditions. One necessary assumption is
that the mutation causes a relatively small change in the kinetics and stability (Burton et al., 1997). If this
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b)

FIG. 4. (a) The potential of mean force as a function of xg; and xgp for the wildtype sequence at T = 0.45.
(b) The potential of mean force as a function of xg; and x g2 for mutant 81 at T = 0.43. The pathways correspond to
alternate folding pathways observed in simulation trajectories, with the dominant pathway being the one on the left.
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is not the case, then the identification of the ¢-value as a parameter describing local structure formation
near the mutation site is invalid; instead, nonlocal effects distributed along the chain might be playing an
essential role in the observed ¢-value. A second assumption is that the value does not reflect structure
formed in the unfolded state (Matsouschek et al., 1989; Villegas et al., 1998). If the unfolded basin of
states contains significant structuring around the residue in question, then the measured ¢-value will not
necessarily correlate with transition-state structure formation.

The most crucial condition is that the folding of the protein chain is adequately described by a two-state
picture with an unfolded basin of states, a folded basin of states, and a clear transition-state region separating
these two basins. When this picture breaks down, as with current funnel-like conceptions of the free energy
landscape for folding (Onuchic et al., 1997; Dill and Chan, 1997), the simple interpretation of the ¢-value
is no longer straightforward (Nymeyer et al., 2000; Burton et al., 1997). A nice experimental test of this
hypothesis is the comparison of ¢-values derived from both unfolding and folding rates (Gu et al., 1997);
if the folding is primarily two-state, then the two values should complement each other. In addition to the
possibility of multiple states along a single folding pathway, the presence of multiple folding pathways
instead of a single dominant pathway will also greatly complicate the interpretation of ¢-values. In all of
these cases, there exist the possibilities of multiple transition-state ensembles all influencing the kinetics,
and the structural effects of a single mutation might not be immediately clear from a single measured
¢-value.

Various issues also arise in the calculation of ¢-values from theory and simulations. Work with the present
model (and similar models) has shown that collapsed states play an important role in the observed kinetics
(Du et al., 1998; Honeycutt and Thirumalai, 1990). In this case, the multistate nature of the folding process
complicates the extraction of a single ¢-value from the kinetics. In addition, multiple folding pathways
have been observed to play a role in the kinetics of the present model (Sorenson and Head-Gordon, 2000a).
One approach we have considered in this work has been to identify, where applicable, a fast rate constant
and a slow rate constant for the folding process, representing the separation of folding scenarios into fast
and slow pathways. From these rate constants and Equation (1), ¢gs and ¢y, can be identified ideally
corresponding to the effects of the mutation on the transition states for the fast and slow pathways.

As mentioned above, unlike small protein sequences which often exhibit clear two-state single exponen-
tial kinetics, our model is best characterized as partitioning into fast and slow pathways, each governed
by an activated process. A natural way then to compute ¢-values is to isolate values for each pathway.
Table 5 shows the result of applying Equation (1) to the rate constants corresponding to the kinetic fits
in Table 4. The results are mixed; it appears that this approach tends to predict low ¢-values. This might
occur because our chosen mutations do not sufficiently perturb the kinetics, or it might reflect difficulties
in extracting a single rate constant from the complex kinetics exhibited by the model.

The best agreement with the experimental ¢-values can be found for mutant 2. Experimental mutation
of the second B-turn in protein L was found to destabilize the native state greatly, but to not as dramatically
affect the folding kinetics (Gu et al., 1997; Kim et al., 2000), similar to our finding. Mutant & shows much
higher ¢-values for both pathways than the single experimental ¢-value, but this can be easily understood
in terms of nonnative hydrophobic contact formation and the stabilization of misfolded structures, seen in
our model but not observed experimentally.

Several of the mutations explored here show the difficulties with calculating and interpreting ¢-values
when the underlying assumptions permitting their use are in question (Nymeyer et al., 2000; Burton et al.,
1997). Mutants 81 and B1* are interesting in this respect because the most obvious change in their folding
landscape is the perturbation of a pathway not connected to the local mutation. This violates the assumption
of locally acting mutations. Similarily, mutant o also exhibits nonlocal effects upon mutation by bringing
together portions of the chain that would not have previously been in contact. In all of these cases, the
absence of single exponential kinetics also clearly makes the calculation of rigorous ¢-values more difficult.

Thermodynamic ¢-values

Given the problems inherent in calculating meaningful ¢-values in systems that display strong bi-
exponential kinetics such as our present model, we pursued the calculation of ¢-values from the thermo-
dynamic perspective (Equation (2)). This is possible in the present case through our use of the multiple-
histogram method to estimate free energies and Pf,4 analysis to obtain representative structures comprising
the transition-state ensemble (see the methods section).
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FIG. 5. Helix formation versus temperature for the wildtype and mutant sequences.
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FIG. 6. Percentage of unfolded states versus time at 7 = 0.45 for wildtype (circles), mutant 1 (squares), mutant
B1* (triangles), and mutant 82 (diamonds).
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TABLE 4. PARAMETERS FOR BI-EXPONENTIAL FiTs To THE KINETIC
TrRACES IN F1Gs. 6 AND 72

Sequence a Tast 1—a Tslow X 2/10_4
wt 0.52 1700 0.48 23000 4.3
Bl 0.45 1500 0.55 30000 34
B1* 0.47 2700 0.53 29000 6.4
B2 0.37 2100 0.63 19000 2.6
o 0.34 2200 0.66 42000 1.0
a* 0.65 3300 0.35 44000 0.8

Fits are of the form a exp(—1/Tf5) + (1 — a) exp(—t/Tyiow)-

TABLE 5. KINETIC ¢-VALUES AT T = 0.45 FOR FOLDING ALONG THE FAST AND
SLow PATHWAYS FOR THE MUTANT SEQUENCES

Sequence AAG? TIn fast T Intgppy Dfast Oslow Dexperiment
Bl 0.37 —0.04 0.11 —0.1 0.3 0.8
B1* 0.93 0.21 0.09 0.2 0.1 0.7
B2 1.24 0.09 —0.10 0.1 —0.1 0.2
o 0.38 0.12 0.27 0.3 0.7 0.06
a* 0.53 0.30 0.29 0.6 0.5 0.06

TABLE 6. THERMODYNAMIC ¢-VALUES AT T = 0.45 FOR THE
MUTANT SEQUENCES

Sequence A AGO AA Gi Dthermo Dexperiment
B1 0.37 0.86 2.3 0.8
B1* 0.93 1.2 1.2 0.7
B2 1.24 0.68 0.5 0.2
o 0.38 0.13 0.3 0.06
o* 0.53 —0.14 —-0.3 0.06

Our approach was to calculate AG* and AGY for each sequence by using an appropriate reference state
common to each sequence. This reference state was chosen to be a set of 100 denatured chains drawn from
a high-temperature simulation of the wild-type sequence at a temperature where the properties of all the
models are sequence-independent (self-averaging). Calculating the free energy of this reference ensemble
for each model then provides an appropriate reference state for measuring AG¥ for each model such that
AAG# can be meaningfully calculated. Similarly, AAG? is calculated by using a common reference state.
In practice, these reference states take care of the issue that different sequences have different net values
for their partition functions.

For each sequence, AG* was calculated at T = 0.45 by finding a set of transition-state structures
as described above and averaging the free energy (—0.45In P(R,, x, ...), as calculated by the multiple
histogram method) of the lowest ten structures and subtracting the free energy of the denatured ensemble
to construct a free-energy difference. Also, AG° was straightforwardly calculated from (—0.451n Py /
Puon-nar), using the definition of native and nonnative states (see Equation (3)).

The ¢-values that result from these quantities are shown in Table 6, and are seen to be consistent with
the observation of the importance of the formation of the first S-hairpin in the transition-state structure.
While we would be hard pressed to expect quantitative agreement with the experimental ¢-values at this
level of abstraction, the overall trends agree very well with the experimental findings for the folding
of protein L (r2 = 0.84). Unlike the problematic ¢-values calculated from the kinetic analysis, these ¢-
values agree well with our intuition about the role of various elements in the folding process for this model
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FIG. 7. Percentage of unfolded states versus time at 7 = 0.45 for wildtype (circles), mutant « (squares), and mutant
a* (diamonds).
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FIG. 8. Location of native-like structure formation (x) for thirty low free-energy transition states (0.45 < Py <
0.55) for the wildtype sequence. The thirty structures are ordered with respect to increasing free energy, with the
structure with the lowest free energy at the bottom of the plot. Legend: most native-like structure (red), some native-
like structure (yellow), no native-like structure (blue).
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(Sorenson and Head-Gordon, 2000a). Our model appears to more closely mimic the folding of protein L
versus protein G (McCallister et al., 2000), a point that is discussed further below.

The disagreement between ¢-values calculated from the kinetic and thermodynamic pictures points
to several places where the folding of the model differs from experiment. As emphasized by Nymeyer
et al. (2000), the degree of frustration in a protein folding model can strongly influence the agreement of
¢-values found from both methods. The disagreement in our case might represent a relatively large amount
of frustration in the folding of our model, as also evidenced by the heavy role of compact intermediates
in the folding process. However, the more problematic issues for kinetic ¢-value analysis in the context of
this model are the difficulties of calculating a single rate constant for a clearly bi-exponential process, the
complex role of multiple pathways, and the differing relative populations of slow and fast folders across
different sequences. All of these issues break down the conventional picture underlying the interpretation
of experimental ¢-values and strongly discourage the use of kinetic ¢-values in the present case.

In the final analysis, the ability to exactly probe the structure of the transition-state ensemble through
Pf,1q analysis allows us to bypass the hazardous interpretation of kinetic ¢-values. We can exactly know
the structure of the transition-state ensemble without deducing this information through complicated ki-
netic analysis, and we can verify the changes in the transition state ensemble through the evaluation of
thermodynamic ¢-values.

The wild-type transition-state ensemble

Using the Py,q analysis described in Methods, we can extract structures corresponding to transition states
for folding. The resulting structures comprising the low free-energy transition-state ensemble for the wild-
type sequence are characterized in Fig. 8. A total of 105 transition-state structures were identified by Pp,q
analysis; only the thirty structures lowest in free energy, as determined by the multiple histogram method,
are depicted in Fig. 8. The structural analysis summarized in Fig. 8 confirms our earlier identification
(Sorenson and Head-Gordon, 2000a) of the importance of structure formation in the first part of the chain.
We had previously identified the formation of the first -hairpin to be more favorable on the basis of certain
order parameter projections onto the free-energy surface (Sorenson and Head-Gordon, 2000a); the existence
of many low free-energy transition-state structures along this pathway confirms the free-energy analysis.

The most nativelike structure appears to occur first in the second strand of the first S-hairpin. This is
consistent with the observation that the most stabilizing hydrophobic contacts in the native-state structure
occur using beads from B-strand #2 (Sorenson and Head-Gordon, 2000a); the proper formation of structure
in this strand might serve to stabilize nucleation of the helix and first B-hairpin, which appear to be
important structural elements of the transition-state ensemble. Experimental mutations that probed the
region between the first B-hairpin and the helix showed intermediate ¢-values and indicate that this region
of the hydrophobic core is at least partially structured in the transition state (Kim et al., 2000).

The diversity of structure in the transition-state ensemble is an important element that should be noted.
While most of the low free-energy structures favor similar structure formation, several structures contain
notably no nativelike structure (on this scale) and several structures contain a distinctly different pattern of
structure formation. This further indicates the strong role of multiple pathways in the folding of this model
and greatly complicates analysis of the kinetic effects of sequence mutations over a simple one-pathway
picture. While a particular mutation might destabilize one pathway, the existence of low-lying alternate
folding pathways not requiring structure formation in the same region of the chain makes the overall kinetic
effect difficult to predict.

Comparing proteins L and G, we readily note the similarity in the relative importance of the first
B-hairpin in the transition-state ensemble (Gu et al., 1997). Interestingly, the folding of protein G has
been long suspected to have a different kinetic folding mechanism than does protein L (Ramirez-Alvarado
et al., 1997; Blanco and Serrano, 1995; Park et al., 1997) and recent protein engineering experiments have
supported this (McCallister et al., 2000), demonstrating that the second S-hairpin in protein G is likely
more structured in the transition state. A priori, we would not have known whether our model would
fold more like protein L or like protein G. However, as our model shares an identical topology with both
proteins, we might expect aspects of each in the observed folding. Indeed, transition-state structures higher
in free energy than the structures shown in Fig. 8 do show evidence for nativelike structure formation in
the second half of the chain instead of the first (Sorenson and Head-Gordon, 2000a). The existence of
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FIG. 9. Reaction coordinate plot at 7 = 0.45. The free energy differences between the unfolded and native states,
and the “transition-state” barrier heights (AAG"L') as determined from the simulations (in units of ¢y ), the multiple
histogram method, and Py, analysis described in Section 2. Legend: (from bottom to top) wildtype, o, 2, B1,
a*, B1*.

these transition-state structures confirms the overall similarity of our model to proteins L and G and further
illustrates the multiple-pathway difficulties which might play a role in the interpretation of experimental
protein engineering studies. In any case, we have provided a direct assessment of the nature of the transition
state ensemble for wild-type protein, information that is only indirectly inferred by experimental mutation
studies.

DISCUSSION AND CONCLUSIONS

Experimental comparison

A graphical summary of the simulated thermodynamic data for all of the sequences is presented in
Fig. 9 and allows comparison to the many similar diagrams drawn in the analysis of experimental mutation
studies. Each mutation was designed to allow comparison of folding thermodynamics and kinetics between
simulation and experimentally characterized single-site mutants of protein L. The destabilized first-turn
mutants 8 and B1* did show moderate destabilization and somewhat slower kinetics, but not as much
as to allow quantitative comparison to the corresponding experimental mutation, G15A, that exhibited a
greater destabilized native state and significantly more perturbed kinetics (Gu et al., 1997; Kim et al.,
2000). However, the modeled mutation does support a very similar asymmetry in the folding of the
B-hairpins and the precedence of the first half of the chain of protein L involving the the first two strands
and the helix (Gu et al., 1997; Kim et al., 2000). For example, the experimental study providing a more
exhaustive ¢-analysis for point mutations showed that the region between the first S-hairpin and the helix
showed intermediate ¢-values, indicating that this region of the hydrophobic core is at least partially
structured in the transition state (Kim et al., 2000). This is also present in our model as is evident when
considering Fig. 8.
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Gu et al. (1997) also studied a G15V mutant to verify that the observed result was due to a change
in turn propensity rather than the formation of nonnative hydrophobic contacts. Our mutant $1* showed
some detrimental nonnative contact formation, but not a significant amount, especially when compared
with the similar mutant «. This is consistent with the experimental result and suggests that the hy-
drophilic turn region in both the model and experiment is robust to a hydrophobic substitution. The
surrounding hydrophilic groups are sufficient to deter the formation of strong nonnative hydrophobic
contacts.

Mutant 2 is an interesting case, where the introduction of a sequence mutation sufficiently destabilizes
the native state to the point that a new native-state structure is favored. Because the two structures are still
close to each other in energy and both possess well-designed funnels, they compete with each other in the
folding process and cause the large destabilization seen here. The resulting thermodynamics and kinetics
are similar to the experimental G55A mutant (Gu et al., 1997), where it appears that the mutation affects
the stability of the native structure much more than the folding kinetics. Whether or not the experimentally
measured destabilization is due to formation of a slightly different native structure could be difficult to tell,
as most experiments necessarily employ coarse-grained measures of when nativelike structure is obtained.
The adoption of a slightly different native state is a distinct possibility for many experimental mutations
and can cloud the analysis of the resulting stability and kinetics; structure determination for each mutant
sequence would avoid this, at the expense of significantly more laboratory work.

The destabilizing effects of a hydrophobic substitution on the protein surface are evident in mutants
a and o* For mutant «, the chosen bead on the helix, #29, is not in an overly hydrophilic region of
the sequence, and this fact, combined with the central location of the mutation, stabilizes misfolds and
leads to noncooperative folding and much slower folding kinetics. The site mutation for mutant ¢ is in a
more hydrophilic region, and the resulting kinetic effect appears to be less severe. The corresponding helix
mutation, E321, in protein L. does not show a change in folding kinetics from the wildtype (Kim et al.,
1998), although the rate constant for unfolding is increased, similarly to that seen here. This compares
with the experimental observation for another region of the protein L sequence that surface hydrophobic
substitutions do not overly confuse the search for the native state (Gu et al., 1999). However, this work
does indicate that the robustness of the sequence to hydrophobic substitution is somewhat dependent on
the location of the chosen site, with certain combinations of substitutions being very unfavorable. We find
a similar result comparing mutants «, o*, and B1*, which all have a surface hydrophobic substitution but
do not show equally perturbed kinetics. West and Hecht (1995) observe that amphiphilic helices across a
large range of structures show very strong hydrophobic-hydrophilic patterning, suggesting that tampering
with these patterns could lead to our observed result.

One issue, related to the level of abstraction of the model, is the similarity of the model to both protein L
and protein G—proteins with nearly identical structures but less than 30% sequence homology and different
folding characteristics (Gu et al., 1997; Park et al., 1997; Plaxco et al., 1999), and secondary structure
propensities (Ramirez-Alvarado et al., 1997; Blanco and Serrano, 1995). As had been noted previously in
Sorenson and Head-Gordon (2000a), the folding of our model shares characteristics with both sequences,
S0 a necessary issue with comparison to a specific protein sequence is how closely our sequence models
protein L and not a generic sequence for this structure. Overall, we find that the wild type sequence more
closely resembles protein L than it does protein G. An interesting future study will perturb the wild type
sequence in order to lower the free energy of the transition state ensemble that favors formation of the
second B-hairpin relative to B-hairpin #1, to better understand the relative role of sequence details versus
fold topology.

The combined evidence from multiple uses of models of this type indicate that nonnative collapsed
states might play too large of a role in the folding kinetics when compared to real proteins. While the
ability to calculate thermodynamic ¢-values allows us to best confirm the model’s underlying similarity to
experiment, the difficulty in obtaining similar kinetic ¢-values and the relatively small kinetic perturbation
seen in Figs. 6 and 7 suggests areas where the model can be productively enhanced to better match the
experimental picture.

Part of the reason for lack of quantitative agreement with experiment is that real proteins have structural
features not modeled here that might better enable specific collapse. These include variation in attractive
interactions (polar—polar, as well as hydrophobic), more cooperative formation of «-helices and B-sheets
through specific backbone hydrogen bonding, and the cooperativity and uniqueness provided by the very
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specific side-chain packing of the native-state core. Since our goal is to suppress unnecessary computational
complexity while maintaining faithfulness to the experimental observables, we can suggest fruitful areas
of improvement to the model that allow us to maintain this balance.

One area is in the construction of the dihedral potentials and mutations of the dihedral sequence. The
parameter choices for the dihedral potentials are inspired by the earlier work pioneered by Thirumalai and
coworkers (Honeycutt and Thirumalai, 1990; Guo and Thirumalai, 1994), and the effects of modifying
these potentials has not yet been examined in this model. In this context, it would be important to explore
the role of the relative barrier heights and minima in Fig. 1 in governing the observed changes when a
mutation is made. Another possible modification of this model which preserves its essential simplicity
but might add more modeling flexibility would be to increase the number of “flavors” in the model—i.e.,
allowing more bead types for a wider range of amino acid categories, changing the complexity of the
interaction such as was done by Sorenson and Head-Gordon (1998), and/or incorporating a larger variety
of dihedral potentials.

The goal of protein-engineering experiments that measure the mutant and wild-type folding rates is to
(indirectly) correlate the role of that residue in forming the transition state. In principle, a model that
is complex enough to reproduce important experimental trends and observables, but is simple enough to
fully characterize, can provide information about the wild-type transition-state structure directly. A further
objective of protein folding experiments is to address the relative role of the native-state topology versus the
details of the sequence in order to capture the level of resolution necessary for protein folding prediction
(Alm and Baker, 1999; Martinez and Serrano, 1999). Overall, the agreement of our minimalist model with
experimental trends is excellent. While further improvements in our minimalist model will be pursued to
realize better quantitative agreement with experiment in the future, we believe that the level of resolution
required for robust folding predictions is obtainable with protein-folding models and design tools such as
those described here.

METHODS AND MODELS

The energy function

The level of description of the protein chain and choice of parameters for the energy function have been
extensively described in previous publications (Sorenson and Head-Gordon, 2000a, 2000b; Honeycutt and
Thirumalai, 1994; Guo and Thirumalai, 1994). The essential details will be described here. The protein
chain is modeled as a chain of beads of three flavors: hydrophobic (B), hydrophilic (L), or neutral (N).
Attraction between the hydrophobic beads provides the energetic driving force for formation of a strong
core, repulsion between the hydrophilic beads and other beads are used to balance the forces and bias the
correct native fold, and the neutral beads serve as soft spheres with little repulsion and typically signal the
turn regions in the sequence.

The potential energy for the model is

1
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Bond lengths are held rigid, and the bond angles are maintained by a harmonic potential with force
constant kg = 20ey/ (1rad)2 and equilibrium bond angle 6y = 105°. The basic energy unit, £y, corresponds
to the minimum in the attraction energy between two B beads. The nonlocal interactions are given by
S1 = S2 =1 for BB interactions, S| = 1/3 and S = —1 for LL and LB interactions, and S; = 1 and
S2> = 0 for all interactions involving N residues.
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The dihedral potentials in Equation (5) are designed to simulate extended, helical, or turn regions of the
protein sequence (Honeycutt and Thirumalai, 1990; Guo and Thirumalai, 1994). To specify a particular
protein sequence in this model, the bead sequence and the dihedral sequence must both be specified. The
parameter choices corresponding to the three possible dihedral states are A = 0, B=C =D = 1.2¢y for
helical, (A = 0.9ey, B =D = 0, C = 1.2¢py) for extended, or (A = B =D = 0, C = 1.2¢y) for turn,
and the resulting potential energy as a function of dihedral angle ¥ are shown in Fig. 2. The advantages
and limitations of this description have been addressed before by Sorenson and Head-Gordon (2000a). The
dihedral potentials serve as potentials of mean force meant to reproduce the intrinsic secondary structure
propensity of certain sequences of amino acids. Such potentials are required since important determinants of
secondary structure in real proteins, such as backbone hydrogen bonding and side-chain steric restrictions,
are “integrated” out at our level of description.

Simulation methods

Sequences were simulated with Langevin dynamics at constant temperature. The bond lengths were
held rigid by solving the constraint equations of motion with the RATTLE algorithm. All further details
about parameter choices and simulation methods have been presented several times before (Sorenson and
Head-Gordon, 1999, 2000a, 2002). We use a simulated annealing protocol to find the global minimum for
sequences in this model. The simulations are performed in reduced units, with the units of mass m, length
o, energy €y, and kp all set equal to one; temperature is in units of e /kpT. The unit of reduced time is
T =+/mo?/ey.

Details of the folding thermodynamics for each sequence were found using the multiple multi-dimensional
histogram method (Ferrenberg and Swendsen, 1989; Kumar et al., 1995) and sampling over a range of tem-
peratures. In this work, we collected six-dimensional histograms over energy and five order parameters—
radius of gyration (R,), native-state similarity () ), native-state helix formation (x), native-state 8-hairpin
#1 formation (xg1), and native-state 8-hairpin #2 formation (xg2); x is the order parameter for folding to
the native state:

K
1
x =0 0 06—l =i (©)
i,j>i+4

where the double sum is over beads on the chain, r;; and ri"jm are the distances between beads i and j in

the state for comparison and the native state, respectively, 0 is the Heaviside step function, and ¢ = 0.2
accounts for small fluctuations away from the native state structure. M is a normalizing factor to ensure
that x = 1 when the chain is identical to the native state and ¥ = O when the chain is in a random coil
state. We note that the collection of histogram data over six dimensions requires a modification of the
traditional array structure used for one-dimensional or two-dimensional histograms. Such data structures
rapidly exhaust system memory when the number of dimensions increases. We avoid this problem in our
work by using a hash table with linked lists for collision resolution (Cormen et al., 1990).

The folding kinetics were probed by calculating first passage times for when the chain first enters
the native-state basin of attraction. For the purpose of this study, this basin of attraction corresponds to
x > 0.42; this choice is further justified by Sorenson and Head-Gordon (2000a).

Pryq Analysis. For the kinetic behavior of complex systems, characterized by many possible variables, it
is often difficult to assign reaction coordinates and local transition-state structures along these coordinates.
The identification of structures corresponding to a maximum along the free-energy profile of one order
parameter does not necessitate that this subset of structures comprises the transition-state ensemble (Geissler
et al., 1999). Therefore, the problem in using Equation (2) resides in the difficulty of assigning reaction
coordinates and locating transition-state structures along these coordinates. To more accurately characterize
the proper transition-state ensemble, we employed a method proposed by Du et al. (1998). The method
assigns a value, Pf,4, to a particular structure corresponding to the probability that that particular structure
will first fold to the native state before unfolding. Structures with Pfq values equal to 0.5 correspond
to the transition-state ensemble for the model (Du et al., 1998). The procedure is straightforward to
computationally implement, although time intensive (Du et al., 1998; Geissler et al., 1999).
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To apply this method to our current model of five mutants, we first sampled structures from our sim-
ulations corresponding to putative transition-state structures. “Putative” transition-state structures were
originally isolated by requiring various combinations of xpy, xg1, X2 to correspond to their maximum
free-energy values in a one-dimensional projection of free energy against these order parameters. Other
putative structures were sampled by fixing x at the maximum in free energy in F()). From this procedure,
an ensemble of structures with 0.45 < P,y < 0.55 was isolated. These were further screened by selecting
structures from independent simulation trajectories to avoid correlated sampling and restricting the set to
structures with the lowest free energies as predicted by the multiple-histogram method.

To characterize the native-state similarity of these transition-state structures, the standard x native-state
similarity measure (Sorenson and Head-Gordon, 2000a) was modified to give structural information on a
bead-by-bead level. We can write x as the sum of pairwise order parameters, x;;, which are 1 when the
distance between beads i and j is within 0.20 of the corresponding distance in the native-state structure
and 0 otherwise. Then we can define a local x; for each bead i as

1 i—4 N
Xi =7 ZXij + Z Xij @)
i=1

j=itd

where the sums are over all of the beads in the chain except nearby beads and M is a normalization
constant which ensures that x; is normalized properly for beads at the end of the chain (which have shorter
bead-bead distances). Using this definition, we can see that native-state structures with y = 1 will also
have x; = 1 for each bead. On the other hand, for chains that are not identical to the native state, this
local measure of native-state similarity identifies which segments of the chain are most nativelike. Having
isolated what we believe is the transition-state ensemble for the mutant in question, we can evaluate the
quantity AAG* in Equation (2) in order to calculate a ¢-value from the thermodynamics to validate our
model against ¢-values from experiment.
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